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VEGF-B is produced as 2 different isoforms: a heparinbinding VEGF-B 167 and diffusible VEGF-B 186 isoform. 3, 6, 7 VEGF-B is widely expressed in many tissues and cell types, including cardiac and skeletal myocytes and endothelial and mural cells. 3, 6, 7 In vitro, VEGF-B stimulates endothelial cell growth and proliferation. 8 By contrast, loss-of-function studies failed to reveal a consistent role for VEGF-B in pathological angiogenesis. Indeed, in 2 lines, loss of VEGF-B did not cause vessel defects in the embryo or healthy adult mouse, whereas recovery of coronary flow was impaired after transient occlusion ex vivo but, apparently, not because of reduced coronary vessel growth. 9, 10 Moreover, loss of VEGF-B failed to reduce angiogenesis in the cornea 9 or ischemic retina. 11 One study proposed a role for VEGF-B in pulmonary hypertension, 12 but this finding was contested by others. 13 The effects of VEGF-B deficiency on revascularization of the infarcted myocardium in vivo remain unknown. Gain-of-function studies also showed inconsistent effects. Indeed, overexpression of VEGF-B stimulates angiogenesis in skin wounds and ischemic limbs 14 -16 or promotes hypertrophy of remote myocardium after myocardial infarction, 17 whereas VEGF-B had negligible effects after adenoviral gene transfer in rabbit carotid arteries or normoxic hindlimbs. 18, 19 The therapeutic potential of VEGF-B (VEGF-B 167 ) to promote revascularization of ischemic myocardium remains unknown. Overall, the precise role of VEGF-B in pathological angiogenesis remains to be established.
As these controversies might be attributable to differences in genetic background or phenotyping methodology, we characterized the angiogenic role of VEGF-B in different mouse models of disease. By using VEGF-B Ϫ/Ϫ mice on a pure C57BL/6 inbred background, and various strategies to overexpress VEGF-B, we found that VEGF-B promotes vessel growth in the ischemic heart but not in other organs.
Methods
For detailed Methods, please see the supplemental materials (available online at http://atvb.ahajournals.org).
Animals, Models, Histology, Immunohistochemistry, and Morphometric Analyses

VEGF-B
Ϫ/Ϫ mice 9 were back-crossed onto a C57BL/6 background for 8 generations. C57BL/6 and NMRI nu/nu mice (all 8 to 12 weeks old) were obtained from Charles River Laboratories (Les Ocins, France) and adult SCID mice were from Taconic M&B Europe (Ry, Denmark). LacZ-tagged Flt1 mice, expressing ␤galactosidase (␤-Gal) under the control of the Flt-1 promotor were kindly provided by J. Rossant (Toronto, Ontario, Canada). 20 Animal experiments were approved by local committees. All experimental approaches are described in detail in the supplemental methods.
Production and Administration of VEGF-B Protein, Plasmid, and Adenovirus
Recombinant human VEGF-B 167 (rhVEGF-B 167 ) protein was obtained from Amrad Corporation and delivered systemically via osmotic minipumps. Adenoviruses, constructed by cloning the murine PlGF-2, or the human VEGF-B 167 or VEGF-B 186 cDNA into the pACCMVpLpA plasmid, were intradermally or intravenously injected. A plasmid expressing murine VEGF-B 167 (pcDNA3.mVEGF-B 167 ) or an empty pcDNA3 plasmid was administered via muscle electroporation. These experimental methods are described in more detail in the supplemental methods.
Statistics
Data (meanϮSEM) were analyzed using 2-tailed Student t test, with PϽ0.05 considered statistically significant.
Results
Loss of VEGF-B Impairs Revascularization After Myocardial Infarction
To study the potential of VEGF-B to stimulate revascularization of the ischemic heart (infarct and border zone), we used a previously established model of acute myocardial infarction (MI) in wild-type (WT) and VEGF-B Ϫ/Ϫ mice. 21 At 7 days after MI, the density of both thrombomodulin positive (TM ϩ ) capillaries and smooth muscle ␣-actin positive (SMA ϩ ) covered vessels in the infarct area of VEGF-B Ϫ/Ϫ mice was only 65% of that of WT mice (nϭ14; PϽ0.05 in all groups; Figure 1A and 1B). Revascularization of the ischemic border zone was also impaired in VEGF-B Ϫ/Ϫ mice (TM ϩ vessels: 340Ϯ39 vessels/mm 2 in WT versus 234Ϯ38 vessels/mm 2 in VEGF-B Ϫ/Ϫ mice; nϭ5; PϽ0.05). The number of macrophages, infiltrating into the infarct area, was normal (Mac3 ϩ area/infarct area: 0.22Ϯ0.06% in VEGF-B Ϫ/Ϫ mice versus 0.22Ϯ0.05% in WT mice; nϭ12; PϭNS). Thus, loss of VEGF-B impairs angiogenesis and vessel maturation in the ischemic heart.
We next analyzed whether administration of recombinant human (rh) VEGF-B 167 protein rescued the impaired myocardial revascularization in VEGF-B Ϫ/Ϫ mice, and therefore administered rhVEGF-B 167 , the predominant isoform in cardiac and skeletal muscle. 7 Continuous systemic delivery of a daily dose of 1.5 g rhVEGF-B 167 for 1 week to VEGF-B Ϫ/Ϫ mice normalized the impaired revascularization of the infarct (nϭ5; PϽ0.05; Figure 1A and 1B), and increased the growth of TM ϩ vessels in the ischemic border zone by 1.5-fold (PϽ0.05, nϭ5).
VEGF-B 167 Therapy Enhances Ischemic Myocardial Revascularization
We then used 3 different techniques to investigate whether delivery of VEGF-B stimulated revascularization of ischemic hearts in WT mice. First, we administered VEGF-B 167 protein. Pilot studies revealed that delivery of rVEGF 167 via osmotic minipumps significantly increased the VEGF-B 167 blood plasma levels (Note I, please see supplemental materials). VEGF-B 167 protein therapy indeed increased the density of capillaries and arterioles in the infarct area (TM ϩ vessels/mm 2 : 206Ϯ10 after vehicle versus 285Ϯ33 after rhVEGF-B 167 ; SMA ϩ vessels/mm 2 : 47Ϯ4 after vehicle versus 62Ϯ11 after rhVEGF-B 167 ; nϭ5; PϽ0.05; Figure 1C through 1F), and stimulated vessel growth in the ischemic border by 1.5-fold and 1.3-fold, respectively (PϽ0.05; nϭ5).
Second, similar results were obtained after intravenous injection of an adenoviral vector encoding hVEGF-B 167 (Ad.hVEGF-B 167 ), known to transduce hepatocytes, which then release the transgene product into the circulation for up to 21 days (Note II, please see supplemental materials). Compared to control Ad.RR5 virus, VEGF-B 167 gene transfer increased the densities of TM ϩ and SMA ϩ vessels in the infarct and in the ischemic border (nϭ9; PϽ0.05 versus Ad.RR5; Figure 1G and 1H) at 7 days after MI. VEGF-B 167 gene transfer did not stimulate macrophage recruitment (Mac3 ϩ area/infarct area: Third, implantation of VEGF-B 167 -expressing myoblasts, but not control LacZ ϩ myoblasts, in the ischemic border zone induced vessel growth in the ischemic myocardium (supplemental Figure I ). Hence, using different techniques (delivery of protein or gene transfer) and routes of administration (locally or systemically), VEGF-B 167 therapy enhanced vessel growth in ischemic hearts of WT mice.
VEGF-B Does Not Affect Vessel Growth in Skin, Lung, or Retina
To further study the role of VEGF-B in pathological angiogenesis, we analyzed skin wound healing, using a linear skin incision model. Daily measurements revealed no defects in the rate or extent of skin wound healing in VEGF-B Ϫ/Ϫ mice ( Ϫ/Ϫ mice; nϭ5; PϭNS). Additional studies using adenoviral vectors to locally overexpress VEGFB 167 or VEGF-B 186 in the skin confirmed that VEGF-B does not affect the skin vasculature (supplemental Figure II) .
Furthermore, loss of VEGF-B failed to affect mural cell recruitment and vessel remodeling in hypoxic lungs (supplemental Figure IIIA through IIIC) or neovascularization in ischemic retinas (supplemental Figure IIIE through IIIF) . Together, VEGF-B plays a negligible role in vessel growth, maturation, and remodeling in normal or wounded skin, in hypoxic lungs, or in ischemic retinas.
Loss of VEGF-B Does Not Affect Revascularization of Ischemic Limbs
We next analyzed whether VEGF-B affects revascularization of ischemic limbs. 21 In an established mouse model of hind-limb ischemia, the ischemic gastrocnemius muscle is revascularized by capillary angiogenesis, whereas collateral vessel growth occurs in the adductor muscle. 21 In the ischemic gastrocnemius muscle, vessel densities in the regenerating areas were comparable in VEGF-B Ϫ/Ϫ mice at 7 days after ischemia (Table) . In addition, laser Doppler perfusion analysis and endurance/graded treadmill exercise tests confirmed normal revascularization of ischemic limbs in VEGF-B Ϫ/Ϫ mice after ischemia (Table; supplemental Figure IVA and  IVB) . Moreover, to exclude the possibility that VEGF-B would only act as a modifier of PlGF, we analyzed mice lacking both VEGF-B and PlGF. However, compared to WT or VEGF-B Ϫ/Ϫ mice, limb reperfusion was comparably reduced in mice lacking PlGF alone or in mice lacking both VEGF-B and PlGF (supplemental Figure IVC and IVD; Table) , indicating that VEGF-B is redundant for limb reperfusion even in conditions of genetically crippled limb revas- 
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Endurance (% of baseline) cularization in PlGF Ϫ/Ϫ mice. 22 When analyzing in the adductor muscle the number and lumen size of preexisting collateral vessels, we found, again, no genotypic differences at 7 days after ischemia (Table; supplemental 
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VEGF-B 167 Therapy Does Not Enhance Revascularization in Ischemic Limbs
As our findings above do not exclude the possibility that overexpression of VEGF-B 167 might enhance collateral growth or capillary angiogenesis in ischemic limbs, as suggested by others, 15, 16 we overexpressed VEGF-B 167 in ischemic hindlimbs of WT mice using various established methods. To analyze the effect of VEGF-B 167 overexpression on both collateral growth and capillary angiogenesis in the ischemic limb, we intravenously injected the adenoviral vector Ad.hVEGF-B 167 , similar as done for our MI experiments and resulting in increased VEGF-B plasma levels (Note II, please see supplemental materials). At 7 days after ligation, Ad.hVEGF-B 167 , gene transfer did not improve angiogenesis in the gastrocnemius muscle (Table; Figure 3A and 3B) and failed to increase the number and size of preexisting collateral vessels in the adductor muscle (Table) . VEGF-B 167 therapy did not stimulate infiltration of macrophages (numbers around the main collateral vessel: 14Ϯ2 after Ad.RR5 versus 12Ϯ1 after Ad.hVEGF-B 167 gene transfer, nϭ5; PϭNS), and failed to improve limb perfusion (Table) . Also, VEGF-B 167 therapy failed to stimulate ischemic limb revascularization at later time points, thus excluding a delayed effect (Note III, please see supplemental materials).
To further assess any possible effect of VEGF-B on ischemic limb revascularization (in particular capillary angiogenesis), we implanted VEGF-B 167 -expressing mouse myoblasts into the anterior tibialis muscles (supplemental Figure  I) . In healthy (nonligated) muscle, no vessel growth was induced at the engraftment site of VEGF-B 167 -expressing myoblasts, as compared to control LacZ ϩ myoblasts ( Figure  3E ). To assess whether VEGF-B 167 affects vessel growth in ischemic skeletal muscle, myoblasts were implanted immediately after ligation of the femoral artery. Capillary density was increased in the ischemic anterior tibialis muscle at 28 days postligation, but implantation of VEGF-B 167 -expressing myoblasts did not further enhance angiogenesis ( Figure 3C through 3E). To exclude a transient effect on vessel growth, legs were also harvested 7 days after ischemia induction and myoblast implantation, again not resulting in increased vessel densities (not shown).
In addition, in vivo electroporation of a plasmid expressing murine VEGF-B 167 (pmVEGF-B 167 ) in the adductor muscle (to analyze collateral growth) was ineffective (Note IV, please see supplemental materials; Table) . Overall, using various established strategies, VEGF-B 167 therapy failed to stimulate revascularization of ischemic limbs.
Upregulation of VEGF-B 167 , but not of Flt-1, in the Ischemic Myocardium
In an effort to obtain some insight in the cardio-restricted properties of VEGF-B, we analyzed, by ELISA, the levels of VEGF-B in cardiac and skeletal muscle of WT mice. Compared to skeletal muscle, the heart expressed higher levels of VEGF-B in baseline conditions (pg/mg protein: 272Ϯ8 in heart versus 174Ϯ6 in skeletal muscle; nϭ6; PϽ0.05). At 4 days after MI, levels of VEGF-B were increased by 1.8Ϯ0.3 -fold and 2.0Ϯ0.3-fold in the infarct and infarct border zone, respectively (nϭ6; PϽ0.05). At 7 days, the fold upregulation of VEGF-B was 1.4Ϯ0.1 and 1.5Ϯ0.1, in the respective areas (nϭ3; PϭNS). By contrast, at 4 and 7 days after limb ischemia, VEGF-B protein expression did not increase in the ischemic skeletal muscle (fold increase: 0.9Ϯ0.1 at day 4 and 0.8Ϯ0.1 at day 7; nϭ3 to 6; PϭNS). This cardio-restricted upregulation of VEGF-B expression was specific, as the PlGF levels were increased in both ischemic myocardium and limb (not shown). Thus, VEGF-B expression is upregulated in ischemic hearts only, consistent with the cardio-restricted phenotype of VEGF-B Ϫ/Ϫ mice (for discussion, see below). To analyze the expression of Flt-1, we performed RT-PCR using specific primers and found more abundant Flt-1 transcripts in the heart than skeletal muscle in baseline conditions (trancript levels of Flt-1 per 1000 copies of GADPH: 1.29Ϯ0.11 in the myocardium versus 0.40Ϯ0.04 in skeletal muscle, nϭ5; PϽ0.05). However, Flt-1 mRNA expression did not increase in the heart or skeletal muscle at 4 and 7 days after induction of ischemia (not shown). To identify the cell types expressing Flt-1 in vivo, we subjected LacZ-tagged Flt-1 reporter mice to MI or limb ischemia. Immunostaining for ␤-Gal revealed a similar labeling pattern for Flt-1 in both heart and skeletal muscle in ischemic as well as in nonischemic conditions. Indeed, double immuno-labeling studies showed expression of Flt-1 in SMA ϩ SMCs and most CD31 ϩ ECs of nonischemic ( Figure 4A , 4C, 4E, and 4G) and ischemic heart or limb tissue at 4 ( Figure 4B , 4D, 4F, and 4H) and 7 days (not shown) after induction of ischemia. In the ischemic heart and skeletal muscle, Flt-1 expression also colocalized with some of the CD45 ϩ infiltrating leukocytes (not shown). Thus, the cardio-restricted activity of VEGF-B is unlikely explained by differences in Flt-1 expression.
Discussion
We studied loss-and gain-of-function of VEGF-B in pathological angiogenesis by using various genetic and experimental approaches. The principal finding is that VEGF-B has a relatively restricted role in pathological angiogenesis and, even more remarkably, predominantly in the ischemic myocardium.
The precise role and therapeutic potential of VEGF-B in the revascularization of the ischemic myocardium in vivo has not been studied thus far. By stimulating the ingrowth of new vessels in the ischemic infarct borders, VEGF-B resembles other angiogenic factors such as VEGF and PlGF (and others), which have, quantitatively and qualitatively, similar effects in rodent models of MI (reviewed in 4 ). VEGF-B differs, however, from these agents in its selectivity to stimulate angiogenesis primarily in ischemic myocardium and not in other tissues. These loss-and gain-of-function findings in the mouse, together with findings that VEGF-B promotes compensatory hypertrophy of the remote myocardium after myocardial infarction, 17 warrant further consideration of the therapeutic potential of VEGF-B for promoting functional recovery of MI.
In contrast to its role in the ischemic heart, various types of under-and overexpression studies indicate that VEGF-B is dispensable for vessel growth in the skin, lung, retina, and particularly the ischemic limb. Indeed, although others reported a minor role of VEGF-B in skin, retina, or lung, [11] [12] [13] [14] the negligible role of VEGF-B in ischemic limbs was unexpected, given that VEGF-B stimulates revascularization of the ischemic heart, another type of muscle. To confirm that the lack of an effect of VEGF-B was not attributable to a particular experimental condition, we used different complementary, nonoverlapping strategies. First, loss of VEGF-B did not impair revascularization of ischemic limbs, neither did it aggravate the revascularization defect in PlGF Ϫ/Ϫ mice, indicating that VEGF-B was ineffective alone and as a modifier of its homologue PlGF. Gain-of-function of VEGF-B, achieved via various strategies, also failed to stimulate the revascularization of ischemic limbs. This failure was not attributable to insufficient expression, as injection of the same dose of a VEGF-B expressing adenovirus or implantation of the same engineered VEGF-B myoblasts sufficed to stimulate vessel growth in the ischemic heart. Also, each of these strategies have previously been used in ischemic limbs to demonstrate the angiogenic activity of other well-known angiogenic factors, such as VEGF and PlGF ( 21, 23 ; unpublished Tjwa M and Carmeliet P, 2008) . In contrast to our findings, others reported that VEGF-B 167 promotes ischemic limb revascularization. 15, 16 The precise explanation for this discrepancy remains unknown, and might be attributable to experimental differences in gene transfer method, ischemic limb model or methods of analysis.
A remarkable observation is that VEGF-B has angiogenic properties, which substantially differ from those of its homologues VEGF and PlGF. Of all angiogenic members of the VEGF family, VEGF is the most widely active, affecting angiogenesis in health and disease. 1, 4 PlGF, by contrast, is redundant for embryonic vascularization and vessel maintenance in healthy conditions, but involved in the angiogenic switch in disease conditions. 21, 22 VEGF-B is not only dispensable in development and health, but also in most conditions of pathological angiogenesis, except for the ischemic heart. The selectivity and specificity of each of these VEGF family members is remarkable, when comparing it, for instance, to the largely redundant and overlapping angiogenic activity of the 24 FGF family members. 24 Though beyond the scope of the present study, it remains outstanding why VEGF-B has such a restricted angiogenic activity in the ischemic heart. The lack of its angiogenic activity in noncardiac tissues cannot be simply attributed to absent expression of VEGF-B or its receptor Flt-1, because both are constitutively expressed in these tissues, including in skeletal muscle. 7, 21, 22 Interestingly, however, VEGF-B levels were upregulated by ischemia in the ischemic heart but not in the ischemic muscle, which might possibly explain, at least in part, why angiogenesis was impaired in VEGF-B Ϫ/Ϫ mice in the ischemic myocardium, but not in the ischemic limb. Another possible mechanism might be that the endothelial cells in the heart have distinct tissue-specific characteristics as compared to endothelial cells in other tissues, similar to the distinct differentiation properties of endothelial cells in the nervous system, endocrine organs, lymphoid tissue, etc. 25 It is indeed known that coronary endothelial cells are derived from unique progenitors, ie, the epicardium-derived progenitor cells, and require distinct angiogenic signals (such as thymosin-␤4). 26 Perhaps, also, the intracellular signaling pathway, induced by VEGF-B, is distinct in these coronary endothelial cells. Because VEGF and PlGF transmit specific angiogenic signals through Flt-1, 5 VEGF-B could also have a different angiogenic activity profile. Further hypothetical explanations for the selective angiogenic activity of VEGF-B in the heart might include differences in the composition of extracellular matrix proteins (which modulate the activity of VEGF-B 27 ), or in a role for Neuropilin-1, another VEGF-B receptor (reviewed in 6 ).
Regardless of the mechanisms, few other tissue-selective angiogenic molecules have been identified thus far, including EG-VEGF, BDNF, and others. 1 Such tissue-specific angiogenic signals are medically relevant, as they offer attractive therapeutic opportunities. Indeed, the potent activity of VEGF and its associated risk of adverse effects (bleeding, leakage, hypotension, malignancy, etc), for instance, has precluded systemic administration of this angiogenic agent for the revascularization of ischemic tissues. 1, 4 In contrast, a molecule such as VEGF-B, which would more selectively stimulate vessel growth in the heart, and primarily in ischemic conditions, would be expected to stimulate vessels in the specific target organ without causing adverse effects. Our observations that VEGF-B did not cause any noticeable side effects of general toxicity, hemorrhage, edema, or hypotension (not shown) are consistent with such a model. Overall, these mouse genetic findings support a-therapeutically attractive-model whereby VEGF-B selectively promotes angiogenesis in the ischemic myocardium.
